Abstract-The past few years have witnessed a tremendous increase on the use of unmanned aerial vehicles (UAVs) in civilian applications, which increasingly call for high-performance communication between UAVs and their ground clients, especially when they are densely deployed. To achieve this goal, cellular base stations (BSs) can be leveraged to provide a new and promising solution to support massive UAV communications simultaneously in a cost-effective way. However, different from terrestrial communication channels, UAV-to-BS channels are usually dominated by the light-of-sight (LoS) link, which aggravates the co-channel interference and renders the spatial frequency reuse in existing cellular networks ineffective. In this paper, we consider the use of a directional antenna at each UAV to confine the interference to/from other UAV users within a limited region and hence improve the spatial reuse of the spectrum. Under this model, a UAV user may be temporarily blocked from communication if it cannot find any BS in its antenna main-lobe, or it finds that all BSs under its main-lobe are simultaneously covered by those of some other UAVs and hence suffer from strong cochannel interference. Assuming independent homogeneous Poisson point processes (HPPPs) for the UAVs' and ground BSs' locations respectively, we first analytically derive a closed-form upper bound for the UAV blocking probability and then characterize the achievable average spatial throughput of the cellular-enabled UAV communication network, in terms of various key parameters including the BS/UAV densities as well as the UAV's flying altitude and antenna beamwidth. Simulation results verify that the derived bound is practically tight, and further show that adaptively adjusting the UAV altitude and/or beamwidth with different BS/UAV densities can significantly reduce the UAV blocking probability and hence improve the network spatial throughput.
I. INTRODUCTION
With their enhanced functionality and ever-reducing cost, unmanned aerial vehicles (UAVs) have found fast-growing applications over recent years in the civilian domain such as for traffic control, precise agriculture, aerial imaging, search and rescue, and aerial communication platform, among others. As the number of UAVs and the demand for new UAV applications increase explosively in the near future, it is imperative to devise new solutions to support high-performance communications for UAVs, even when they are densely deployed. However, at present, almost all UAVs rely on the simple direct point-to-point communication with their ground clients over the unlicensed spectrum (e.g., ISM 2.4GHz), which is typically of limited data rate, unreliable, insecure, vulnerable to interference, and can only operate within the visual line-of-sight (LoS) range.
To enable massive UAV communications simultaneously, base stations (BSs) in the existing 4G (fourth-generation) LTE (Long Term Evolution) or forthcoming 5G (fifth-generation) cellular networks and beyond can be leveraged to provide a new and promising solution [1] , [2] , thanks to their almost ubiquitous accessibility worldwide and superior performance. As a result, cellular-enabled UAV communications are expected to achieve orders-of-magnitude performance improvement over the conventional point-to-point UAV-ground communications, in terms of all of reliability, security, coverage and throughput.
In fact, the 3rd Generation Partnership Project (3GPP) has recently started a new work item to discuss the various issues and their solutions for UAV communications using the current LTE BSs [3] . Moreover, there have been increasingly more field trials conducted on using terrestrial cellular networks to provide wireless connectivity for UAVs [4] , [5] . Different from the terrestrial communication channels between ground user equipments (UEs) and BSs, it is reported in [5] that the UAV-BS channels are usually dominated by the LoS link. On one hand, LoS channel does not suffer from multi-path fading or shadowing, and thus is more favorable than terrestrial channels from the perspective of each individual link between a UAV user and its communicating BS. On the other hand, however, due to LoS channels, UAVs may generate more uplink interference to neighboring cells while also receiving more interference from them in the downlink. Specifically, there are two new tiers of interference in a cellular network supporting both ground UEs and UAV users, which are respectively the interference between UAV users and ground UEs, and that among different UAVs even when they are not densely distributed. In this paper, we assume that a dedicated channel is assigned for the exclusive use by UAVs so that there is no interference between ground UEs and UAV users, and henceforth we focus our study on dealing with the interference issue among UAVs. Note that in practice the assigned channel for UAVs can be opportunistically reused by ground UEs when there are no UAV users in the vicinity.
We consider the use of a directional antenna at each UAV that beams downward to communicate with its associated ground BS in the antenna main-lobe. This can effectively confine the interference to/from other UAVs within a limited region and hence significantly improve the spatial reuse of the assigned channel for multi-UAV communications. As shown in Fig. 1 , each UAV has a corresponding coverage region on the ground plane given its antenna beamwidth, within which the UAV can associate with a BS (if any) for communication. If there is no BS in its coverage region (e.g., see UAV 1 in Fig. 1(a) ) or all the BSs therein are simultaneously covered by other UAVs (thus, suffering from strong co-channel interference; see, e.g., UAV 2 in Fig. 1(c) ), then the UAV is said to be temporarily blocked from communication. Given a fixed UAV altitude, smaller UAV beamwidth corresponds to larger antenna gain but smaller coverage region on the ground, thus increasing the UAV blocking probability. In contrast, larger UAV beamwidth corresponds to smaller antenna gain but larger coverage region, which increases the chance of covering more BSs (thus helps reducing the UAV blocking probability on one hand), but also leads to more overlaps with the coverage regions of other UAVs (thus results in increased UAV blocking probability on the other hand). Therefore, there exists an optimal beamwidth to minimize the UAV blocking probability; in other words, under the optimal beamwidth, the probability that each UAV has at least one exclusively covered BS in its coverage region (e.g., see Fig. 1(b) ) is maximized. Similar trade-offs exist for the UAV altitude control in minimizing the UAV blocking probability given a fixed UAV beamwidth. Therefore, both the UAV altitude and beamwidth affect the direct UAV-BS channel gain and UAV blocking probability, and hence it is worth investigating their effects on the achievable average spatial throughput of all UAV users in the considered cellular-enabled UAV network.
To this end, we model the BS and UAV locations as two independent homogeneous Poisson point processes (HPPPs) with given densities. First, we derive a closed-form upper bound for the UAV blocking probability. Based on this result, we then characterize the achievable average spatial throughput of the network, in terms of various key parameters including the BS/UAV densities as well as the UAV's flying altitude and antenna beamwidth. Simulation results verify that the derived bound is practically tight, and further show that adaptively adjusting the UAV altitude and/or beamwidth with different BS/UAV densities can significantly reduce the UAV blocking probability and hence improve the network spatial throughput.
Besides cellular-enabled UAV communications considered in this paper, it is worth noting that there has been recently another line of research in UAV communications, which aims to employ UAVs as aerial platforms to provide wireless communication service to ground users in scenarios where there are insufficient or even unavailable ground BSs [6] , such as UAV-enabled ubiquitous coverage or drone small cells (DSCs) [7] - [15] , UAV-enabled mobile relaying [16] , [17] and UAVenabled information dissemination/data collection [18] , etc.
Notations: R denotes the set of real numbers; E[·] denotes the expectation of a random variable; · denotes the Euclidean norm; | · | takes the cardinality of a set; \· denotes the set minus operation; ∪ denotes the set union; ∩ denotes the set intersection; and ∅ denotes the empty set.
II. SYSTEM MODEL
We consider uplink transmission from UAVs to ground BSs, whereas the results can be similarly applied to the downlink transmission. The BS locations are modeled by a 2-dimensional (2D) HPPP Λ b on the ground plane with given density λ b BSs per square meter (BSs/m 2 ). Denote the set of BS locations as W {w k ∈ R 2 |k ∈ Λ b }, where w k is the 2D coordinate of a BS k ∈ Λ b . For the purpose of exposition, we assume that the UAVs fly at the same altitude H, and follow a 2D HPPP Λ u (independent from Λ b ) in the horizontal plane with given density λ u UAVs/m 2 . Denote the set of UAV horizontal locations as U {u m ∈ R 2 |m ∈ Λ u }, where u m is the 2D coordinate of a UAV m ∈ Λ u projected on the ground plane. In the case with moving UAVs, U models a snapshot of the UAV network.
A. Channel Model
We assume that each UAV is equipped with a directional antenna pointing downward towards the ground, whose azimuth and elevation half-power beamwidths are both 2Φ u radians (rad) with Φ u ∈ (0, π 2 ), as shown in Fig. 1(b) . Furthermore, the corresponding antenna gain in direction (φ, ϕ) can be practically approximated as
where
2846; φ and ϕ denote the azimuth and elevation angles, respectively [19] . Note that in practice, g 0 satisfies 0 < g 0 ≪ G 0 /Φ 2 u , and for simplicity we assume g 0 = 0 in this paper. On the other hand, we assume for simplicity that each BS is equipped with an isotropic antenna of unit gain 1 . Thus, the disk region centered at the UAV's projection on the ground with radius r c = H tan Φ u corresponds to the ground coverage region by the antenna mainlobe of the UAV. Consider a typical UAV 0 whose projection on the ground is at the origin. The antenna gain of UAV 0 at altitude H as seen by a ground BS at location w can be expressed as
The UAV-BS channel is usually dominated by the LoS link, as justified by Qualcomm's trial report [5] . The received channel power gain from UAV 0 to a BS at w thus follows the free-space path loss model given by
where κ 0 = ( 4πfc c ) −2 denotes the channel power gain at a reference distance of 1 meter (m), with f c denoting the carrier frequency and c denoting the speed of light; and d(w, H) = w 2 + H 2 is the UAV-BS link distance.
B. UAV to BS Association
Each UAV aims to find a BS within its ground coverage region and associate with it for communication. If the UAV cannot find any BS within its coverage region, or all the BSs therein are simultaneously covered by other UAVs (thus potentially suffering from strong co-channel interference), then the UAV is said to be temporarily blocked. The typical blocking cases are illustrated in Fig. 2 . The BSs in the HPPP Λ b are represented by triangles, and the UAVs in the independent HPPP Λ u are represented by squares, while the region within each dashed circle of radius r c represents the coverage region of the corresponding UAV. There are two blocking cases for UAVs. First, a UAV may find no BSs inside its coverage region, e.g., UAV 7 in Fig. 2 . Second, a UAV may have BSs inside its coverage region but all of them are also covered and hence interfered with by other UAVs, e.g., UAV 5 in Fig. 2 , which has no BSs inside its exclusively covered region (the shadowed region). In other words, a UAV is blocked if it cannot find a BS in its exclusively covered region which is non-overlapping with the coverage region of any other UAV.
In practice, a UAV might send association requests to the BSs within its coverage region, and associate with one of the BSs with desirable signal-to-interference-plus-noise ratio (SINR). As a result, a UAV will choose to associate with one of its exclusively covered BSs, if any. Otherwise, the UAV-BS link suffers from low SINR and is hence assumed to be blocked, either due to strong interference from other UAVs, or because the nearest BS is outside its antenna main-lobe. Note that time-/frequency-division multiple access (TDMA/FDMA) schemes could be applied to orthogonalize the transmissions of two or more interfering UAV-BS links. However, such schemes require network coordination among multiple BSs and are thus difficult to implement in practice, especially in the case where the UAVs are moving at high speed. Therefore, in this paper we only consider the worst-case performance where a UAV-BS link is blocked when it suffers from strong co-channel interference.
C. UAV Blocking Probability
The blocking probability of a UAV in the HPPP Λ u is defined as the probability that the UAV cannot find any BS in the independent HPPP Λ b inside its exclusively covered region. Specifically, the coverage region of a UAV m ∈ Λ u is the disk region of radius r c = H tan Φ u centered at UAV m's ground projection u m , denoted as B(u m , r c ). The exclusively covered region (or non-overlapping coverage region) of the typical UAV 0 ∈ Λ u can then be denoted as
B(u m , r c ). Therefore, the UAV blocking probability is defined as
Denote A as the area of A 0 . Since the HPPP Λ b and HPPP Λ u are independent, the probability that no BS in Λ b lies in the region A 0 is given by exp (−λ b A) . The UAV blocking probability is then given by
where S = πr 2 c is the area of a full coverage disk of radius r c , and f (A) is the probability density function (p.d.f.) of the non-overlapping coverage area A.
The UAV blocking probability is thus a function of the coverage radius r c as well as the BS density λ b and UAV density λ u , denoted as P B (λ b , λ u , r c ). Since r c = H tan Φ u , it is also a function of the UAV altitude H and beamwidth Φ u , thus equivalently denoted as P B (λ b , λ u , H, Φ u ).
D. Link Data Rate and Average Spatial Throughput
Assume that each UAV has transmit power P in Watt. Suppose that the typical UAV user 0 is associated with an exclusively covered BS 0 at location w 0 where w 0 ≤ r c = H tan Φ u , whose maximum achievable rate in bits/second/Hertz (bps/Hz) normalized to the channel bandwidth W is given by
where the receiver noise is assumed to be additive white Gaussian noise (AWGN) with power spectrum density N 0 in Watt/Hz and σ 2 N 0 W is the noise power over the bandwidth W . For simplicity, we assume that each UAV transmits at a lower bound of its achievable rate, denoted byR in (8) , which corresponds to the BS at the edge of the UAV's coverage region (see (7) ) and is a decreasing function of both H and Φ u . The achievable average spatial throughput of all UAV users in bps/Hz/m 2 is thus given by
III. CHARACTERIZATION OF UAV BLOCKING PROBABILITY AND SPATIAL THROUGHPUT To the best of our knowledge, there is no further analytical expression of the UAV blocking probability P B given in (5) in the literature. In this section, we first derive a closed-form upper bound for P B and then characterize the achievable spatial throughput of the cellular-enabled UAV network defined in (9) .
A. Upper Bound for P B
According to (4) and (5), the major challenge in deriving P B lies in how to characterize the non-overlapping coverage region A 0 and its area distribution f (A). For illustration, consider the typical UAV 0 in Fig. 3 . If there is no UAV within distance 2r c from UAV 0, then A 0 is the full disk region of radius r c which is not overlapped by other UAVs, as shown in Fig.  3 (a) . If there is one or more UAVs within distance 2r c from UAV 0, then A 0 is the residue region of the coverage disk after carving out the overlapping parts (e.g., see Fig. 3 (b) and (c) where there are 1 and 2 overlapping UAVs, respectively). As more UAVs overlap with UAV 0, the non-overlapping coverage area A becomes more difficult to characterize.
Following the above illustration, the blocking event of the typical UAV 0 can be decomposed into two sub-events: (1) A subset of UAVs M ⊆ Λ u \ {0} have overlapping coverage region with UAV 0, i.e., u m ∈ B(u 0 , 2r c ), ∀m ∈ M; (2) Conditioned on event (1), there is no BS in the non-overlapping coverage region A 0 of UAV 0. Therefore, the UAV blocking probability in (4) can be decomposed as
In above, the first term Pr |M| = l is the probability that l (l ≥ 0) UAVs in the HPPP Λ u are within a disk of radius 2r c , which is expressed by following the Poisson distribution as
The difficulty lies in characterizing the second term Pr W ∩ A 0 = ∅ |M| = l in (10) with l ≥ 1, which is the probability that no BS in the HPPP Λ b is inside the non-overlapping coverage region A 0 under the condition that |M| = l ≥ 1 other UAVs have overlapping coverage region with UAV 0.
For the tractability of analysis, we first upper-bound the infinite series expansion of P B in (10) by an expansion of finite terms. This is motivated by observing that the area A of the non-overlapping coverage region A 0 goes to zero as the number of overlapping UAVs l increases, which makes Pr W ∩ A 0 = ∅ |M| = l → 1 as l → ∞. Therefore, P B is upper-bounded by
where L ≥ 1 is an integer which is usually taken to be sufficiently large to achieve a tight upper bound. Next, we focus on characterizing the probability term Pr W ∩ A 0 = ∅ |M| = l . Similar to (5), we have
where η A/S is the ratio of the non-overlapping coverage area A to the full coverage disk area S = πr 2 c ; f A |M| = l and f η |M| = l are the p.d.f. of A and η conditioned on |M| = l, respectively. It is generally difficult to obtain closedform expressions for f η |M| = l and hence Pr W ∩ A 0 = ∅ |M| = l , since the overlapping region of UAV 0 and l randomly located nearby UAVs can have an arbitrary shape.
Fortunately, we find a connection between Pr W ∩ A 0 = ∅ |M| = l in (14) and the moment generating function (m.g.f.) 2 of the random variable η conditioned on |M| = l. Specifically, denote the m.g.f. of η conditioned on |M| = l as M η,l (t) E exp(tη) |M| = l , then we have
Based on the following theorem on m.g.f., we can therefore obtain an upper bound for Pr W ∩ A 0 = ∅ |M| = l .
Theorem 1 (D. Brook [20] Denote the first and second moment of η conditioned on |M| = l as α l E η |M| = l and β l E η 2 |M| = l , respectively. Based on Theorem 1, we thus have
Therefore, when α l 's and β l 's are known for l = 0, 1, · · · , L where L is a given positive integer, we can obtain a closed-form upper bound for the UAV blocking probability by substituting (11) and (17) into (12) , which yields
where S = πr 2 c . The method to obtain or estimate α l 's and β l 's for l ≥ 0 is given in Appendix A.
B. Lower Bound for Spatial Throughput
Based on the upper bound for the UAV blocking probability in (18), we can obtain a lower bound for the spatial throughput defined in (9). Since r c = H tan Φ u , we can also denote P (λ b , λ u , H, Φ u ). A lower bound for the achievable spatial throughput is then given by
IV. NUMERICAL RESULTS First, we characterize the UAV blocking probability P B via simulations. Consider a HPPP Λ b with unit density λ b = 1 for BS locations and another independent HPPP Λ u for UAV locations with density λ u satisfying λ u /λ b ≤ 1. In the simulations, we generate the HPPPs Λ b and Λ u in a 100/ √ λ b -by-100/ √ λ b square region and obtain the average blocking probabilityP B over 50 realizations under different r c . The simulation results are plotted in Fig. 4 for different λ u /λ b . We observe that the UAV blocking probability first decreases from 1 and then increases to 1 as r c increases from 0 to infinity, explained as follows. On one hand, for small r c , increasing r c leads to larger UAV coverage area and hence is more likely to cover a BS. In the special case with only one UAV in the network, the blocking probability decreases monotonically with r c , and provides a lower bound as
for the general case with multiple UAVs, which is also plotted in Fig. 4 . On the other hand, for large r c , increasing r c results in more overlaps with other UAVs and hence less chance for a UAV to have an exclusively covered BS. In the limiting case with r c → ∞, all UAVs have zero residue non-overlapping coverage areas, and hence the blocking probability goes to 1. It is also observed that P B is an increasing function of the UAV to BS density ratio λ u /λ b , which is expected since more UAVs lead to more overlaps and hence higher blocking probability. Next, we examine the tightness of our proposed upper bound in (18) for the UAV blocking probability P B . Note that in (18), we first need to obtain the estimated values for α l 's and β l 's based on the method in Appendix A, where the results are summarized in TABLE I. For comparison, we plot in Fig. 4 the proposed upper bound in (18) with L = 10 and L = 20, respectively. From the derivation of (12), a larger L provides a tighter upper bound for P B in general, as can be seen from Fig.  4 . We also simulated with L values larger than 20, but only marginal improvement for the tightness is observed. For L = 20, it can be seen that the upper bound is tight for relatively large values of the UAV to BS density ratio, e.g., λ u /λ b ≥ 0.4 in Fig. 4 . Moreover, for any ratio λ u /λ b ≤ 1, the upper bound is tight in the region where P B monotonically decreases with r c . This property makes the proposed spatial throughput lower bound in (19) more practically tight, since the maximum spatial throughput typically occurs in this region of the UAV blocking probability, as will be shown later (see Fig. 5 ).
Besides, we investigate the spatial throughput under various settings. The following parameters are used if not mentioned otherwise: BS density λ b = 10 BSs/km 2 , f c = 2 GHz, W = 50 kHz, N 0 = −174 dBm/Hz and P = 0.5 W. Given the UAV altitude H = 100 m, we plot in Fig. 5 the achievable rateR in (8) , non-blocking probability 1 − P B and spatial throughput θ versus the UAV beamwidth Φ u for different UAV to BS density ratio λ u /λ b , where P B is obtained by the proposed upper bound or by simulations. It can be seen thatR is a decreasing function of Φ u with given H, while the non-blocking probability 1 − P B first increases and then decreases with Φ u . As a result, the spatial throughput θ = λ u (1 − P B )R first increases and then decreases with Φ u for given H, λ b , and λ u . Note that given H, smaller UAV beamwidth corresponds to smaller coverage area, which is less likely to cover any BS and thus results in lower non-blocking probability and lower spatial throughput. On the other hand, larger UAV beamwidth corresponds to larger coverage area, which is likely to cover more BSs but also results in more coverage area overlaps with other UAVs, thus rendering lower non-blocking probability and lower spatial throughput too. As a result, for the case of λ u /λ b = 0.1, the maximum spatial throughputθ * = 10.1 bps/Hz/km 2 is achieved at the optimal beamwidth Φ * u = 0.4π, whileθ * = 30.7 bps/Hz/km 2 is achieved at Φ * u = 0.36π for the case of λ u /λ b = 0.5. Note that the optimal UAV beamwidth Φ * u decreases as the UAV density increases with fixed BS density, so that the coverage radius r c = H tan Φ u is reduced in order to avoid coverage area overlapping with more UAVs. Similar performance tradeoffs are observed under different UAV altitude H with a fixed Φ u , where the results are omitted due to the space limitation.
Finally, we examine the tightness of our proposed lower bound (19) for the spatial throughput, which is also shown in Fig. 5 . It can be seen that our proposed achievable spatial throughput lower bound is tight for both cases of λ u /λ b = 0.1 and 0.5, especially in the regime where the spatial throughput monotonically increases with the UAV beamwidth Φ u (or equivalently where the UAV blocking probability decreases with r c given fixed H as shown in Fig. 4) .
In summary, our proposed upper bound in (18) for the UAV blocking probability is practically tight, which also results in a tight lower bound in (19) for the achievable spatial throughput. Moreover, adaptively adjusting the UAV altitude and/or beamwidth based on the BS/UAV densities helps to reduce the UAV blocking probability and hence can significantly improve the spatial throughput of the cellular-enabled UAV network.
V. CONCLUSIONS
In this paper, we study a new cellular-enabled UAV communication network and propose the use of a directional antenna at each UAV to limit the interference to/from other UAVs, and hence improve the performance of spatial frequency reuse. We first derive a closed-form upper bound for the UAV communication blocking probability and then characterize the achievable average spatial throughput of all UAV users in the network. Via extensive simulations, the derived bounds are verified to be practically tight. Moreover, it is shown that the spatial throughput can be significantly improved by optimizing the UAV altitude and/or beamwidth under different BS/UAV densities.
We have so far considered a single layer of UAV users at a common altitude, which can be extended in future work to the more general scenario with UAVs at different altitude. Moreover, in this paper we have considered a single channel to be shared by UAVs exclusively, while it is worth investigating the general case of multi-channels shared by UAVs as well as ground users. (21) For l = 1, there is only one UAV m overlapping with UAV 0, i.e., UAV m is at a distance r u m − u 0 ≤ 2r c from UAV 0. From geometry, the overlapping area of two disks of radius r c at distance r is given by C(r) = 2r Since UAV m is uniformly distributed within distance r ≤ 2r c from UAV 0, the average non-overlapping coverage area E A |M| = 1 is given by Similarly, we can obtain
Therefore, we have α 1 = We resort to Monte-Carlo simulations to estimate η and then α l 's and β l 's. Specifically, for a given l ≥ 2, we can generate a topology with l UAVs independently and uniformly located in the disk region B(u 0 , 2r c ) with radius 2r c centered at the ground projection u 0 of UAV 0 (see, e.g., the case of l = 2 in Fig. 3(c) ). For each topology, we can generate Q = 10 5 points uniformly distributed in the coverage disk B(u 0 , r c ) of UAV 0 and count the number of points q inside the non-overlapping coverage region A 0 , from which the non-overlapping ratio η can be estimated asη = q/Q. In this way, we can independently generate T = 10 5 topologies for a given l and obtain anη for each topology. The α l 's and β l 's can then be estimated from the T samples ofη for a given l, where the results are summarized in TABLE I.
